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We measure the static shear viscosity η in a two-component Fermi gas near a broad collisional
(Feshbach) resonance, as a function of interaction strength and energy. We find that η has both
a quadratic and a linear dependence on the interaction strength 1/(kFIa), where a is the s-wave
scattering length and kFI is the Fermi wave vector for an ideal gas at the trap center. For energies
above the superfluid transition, the minimum in η as a function of interaction strength is significantly
shifted toward the BEC side of resonance, to 1/(kFIa) ≃ 0.25.
PACS numbers: 03.75.Ss
Ultra-cold Fermi gases provide a unique model for
studying the properties of strongly interacting quantum
fluids [1–5]. Utilizing a collisional (Feshbach) resonance,
a bias magnetic field readily tunes interactions between
spin-up and spin-down atoms from non-interacting to
strongly repulsive or strongly attractive [6, 7]. Sev-
eral ground-breaking measurements have focused on the
equilibrium thermodynamic properties [8–12]. However,
systematic study of interaction-dependent hydrodynamic
transport coefficients poses new challenges. Measure-
ment of the shear viscosity is of particular interest in
recent predictions [13–18] and in the context of a “per-
fect” fluid conjecture [19], derived using holographic du-
ality methods [5]. The conjecture states that for a broad
class of (conformal) strongly interacting quantum fields,
the ratio of the shear viscosity η to the entropy density s
has a universal minimum, η/s ≥ h¯/(4πkB) [19]. Recent
measurements of the shear viscosity for a resonantly in-
teracting Fermi gas [20, 21] yield a minimum η/s ratio
just 4.5 times the lower bound, comparable to that of a
quark-gluon plasma [5]. Whether the shear viscosity of
a Fermi gas (or the η/s ratio) is minimized at resonance
or at a finite scattering length is an open question.
In this Letter, we describe a measurement of the shear
viscosity η in an expanding Fermi gas as a function of
the interaction strength and energy near a broad Fes-
hbach resonance [6, 7]. The shear viscosity is deter-
mined with high sensitivity by releasing the cloud from a
cigar-shaped optical trap with an elliptical (1:2.7) trans-
verse profile and measuring the transverse aspect ratio
as a function of time after release [22]. The interaction
strength is characterized by the dimensionless parameter
1/(kFIa), where a is the s-wave scattering length and kFI
is the Fermi wavevector of an ideal gas at the trap cen-
ter. First we determine the shear viscosity at resonance,
where 1/(kFIa) = 0, and then we determine the correc-
tion to the shear viscosity as a function of 1/(kFIa). In
kinetic theory, the correction term is expected to scale
as 1/(kFIa)
2 [23]. However, for a given energy, we find
there is an additional linear dependence on 1/(kFIa) that
results in a shift of the minimum viscosity.
For the experiments, we employ a Fermi gas of 6Li
atoms in a 50-50 mixture of the two lowest hyperfine
states, which is confined in a cigar-shaped optical trap
with aspect ratios x: y: z = 1: 2.7: 33. The cloud is tuned
near a broad Feshbach resonance and cooled by evap-
oration [1]. After evaporative cooling, the interaction
strength is adjusted by tuning the bias magnetic field.
Then the optical trap is extinguished and the cloud radii
are measured as a function of time after release in all
three dimensions, using two simultaneous probe pulses
interacting with different spin states to obtain indepen-
dent absorption images on two CCD cameras [22].
We define a general, scattering-length-independent,
energy scale E˜ for the trapped cloud by
E˜ ≡ 3
N
∫
d3r p 0 = 〈r · ∇U〉0. (1)
Here, p 0 is the equilibrium pressure and E˜ is then three
times the grand potential per particle [24]. The form on
the right follows from force balance, ∇p0 + n0∇U = 0,
with n0 the equilibrium density. E˜ is given by the trap
average 〈r · ∇U〉0 ≡ 1N
∫
d3rn0(r) r · ∇U . For the mea-
sured trap parameters, given below, E˜ is then deter-
mined by the measured spatial profile of the trapped
cloud [25]. Hence, by fixing E˜, we fix the average density
for our measurements of viscosity at different interaction
strengths.
The total trapping potential U = Uopt + Umag con-
tains an optical part Uopt and a magnetic part Umag,
arising from curvature in the bias magnetic field. For
the optical potential, we find: ωx = 2π × 2210(4) Hz,
ωy = 2π × 830(2) Hz, and ωzopt = 2π × 60.6(0.4) Hz.
The additional magnetic potential Umag =
1
2mω
2
mag(y
2+
z2 − 2x2), where m is the 6Li mass and ωmag = 2π ×
21.5(0.25)
√
B/834 Hz is the oscillation frequency of the
cloud along the y-axis, which is measured at 834 G with
Uopt = 0. For later use, we define the ideal gas Fermi en-
ergy EF ≡ (3N)1/3h¯ω¯, and the corresponding wavevec-
tor kFI = (2mEF /h¯
2)1/2, where N is the total number
of atoms, which is typically 2×105 and ω¯ = (ωxωyωz)1/3
with ωz = (ω
2
zopt + ω
2
mag)
1/2.
After release from the cigar-shaped trap, the transverse
aspect ratio of the cloud exhibits elliptic flow in the x-
y plane, indicating hydrodynamic expansion [22]. The
2shear viscosity pressure tensor slows the flow in the ini-
tially narrow, rapidly expanding, x-direction and trans-
fers energy to the more slowly expanding y-direction.
For a fixed time after release, the transverse aspect ratio
σx/σy then decreases with increasing shear viscosity. In
contrast to elliptic flow measurements employing the ax-
ial z-direction, which expands slowly, the relatively high
frequencies ωx and ωy assure that σx/σy saturates on a
rapid time scale, where the expanded cloud images still
have high signal to background ratio, and reduces sensi-
tivity to the magnetic potential.
The shear viscosity is given in natural units of h¯ n by
η ≡ αS h¯ n, where n is the density and αS is a dimension-
less shear viscosity coefficient [20]. The transverse aspect
ratio data is fit using a hydrodynamic model, described
below, to determine the cloud-averaged shear viscosity
coefficient 〈αS〉, where
〈αS〉 ≡ 1
Nh¯
∫
d3r η =
1
N
∫
d3rnαS . (2)
At finite scattering length, 〈αS〉 is generally time depen-
dent, as discussed further below.
For our experiments below resonance, at low temper-
atures, a BEC would exist, and a two-fluid description
would be required. To consistently compare our measure-
ments of shear viscosity throughout the resonance region,
we therefore work in the normal fluid regime, avoiding
complications arising from two-fluid behavior that is not
observed for the conditions of our experiments. Further,
we estimate that the ratio of the collisional mean free
path to the cloud size (the Knudsen number) is small
for both the molecular and atomic components [25–27].
Hence, we determine the trap-averaged shear viscosity
coefficients by fitting a hydrodynamic theory for a single
component fluid.
For a single component fluid [25, 28], the velocity
field v(r, t) obeys the Navier-Stokes equation [29], which
includes the scalar pressure p, the trap potential U ,
and generally the shear and bulk viscosities [25]. With
current conservation, we obtain exact evolution equa-
tions [30] for the mean square cloud sizes 〈x2i 〉, i = x, y, z,
d2
dt2
m〈x2i 〉
2
=
1
N
∫
d3r p+m〈v2i 〉−〈xi∂iU〉−h¯〈αSσii〉, (3)
where 〈...〉 denotes an average over the cloud density, as
in Eq. 2, and σij = ∂vi/∂xj + ∂vj/∂xi − 2δij∇ · v/3.
We see that the pressure p in Eq. 16 arises only in a
volume integral, which we determine using energy conser-
vation. After release of the cloud, when U is temporally
constant, we have [25],
d
dt
∫
d3r E +
∫
d3r (∇ · v) p = Q˙, (4)
where E is the energy density and Q˙ is the total heating
rate arising from the viscous forces [25]. Eq. 20 is used
to find 1N
∫
d3r p by eliminating E , using p = 23E + ∆p,
where ∆p is the predicted conformal symmetry breaking
pressure, which vanishes at resonance [22, 31]. Note that
the measured E˜ in Eq. 1 determines the initial condition,
1
N
∫
d3r p0.
To solve Eqs. 16 and 20, we use a scaling approxi-
mation, which has been shown to be very accurate us-
ing numerical viscous hydrodynamics [32]. Then, 〈x2i 〉 =
〈x2i 〉0 b2i (t) and 〈v2i 〉 = 〈x2i 〉0 b˙i
2
(t), where bx, by, bz are the
expansion scale factors and 〈x2i 〉0 is the measured mean
square size just after release. In the scaling approxima-
tion, vi = xib˙i/bi and ∇ · v = Γ˙/Γ, where Γ ≡ bxbybz is
the volume scale factor and Γ and σii are functions only
of the time. The scale factors obey
b¨i =
ω2i
Γ2/3bi
[1 + C(t)]− h¯〈αS〉σii
m〈x2i 〉0 bi
− ω2imagbi. (5)
In Eq. 36, we define ω2i ≡ E˜/(3m〈x2i 〉0) for an arbitrary
trapping potential, which need not be harmonic [25] and
ω2ymag = ω
2
zmag = ω
2
mag and ω
2
xmag = −2ω2mag (repul-
sive), with ωmag defined above.
The coefficient C(t) = CQ(t) + C∆p(t) in Eq. 36 in-
cludes two effects exactly (within the scaling approxima-
tion): CQ is the fractional increase in the volume inte-
grated pressure arising from viscous heating, which is de-
termined by Q˙ [25]. C∆p(t) describes the corresponding
fractional change for a given conformal symmetry break-
ing pressure change ∆p(t). For the transverse aspect ra-
tio, σx/σy, we find that CQ is important, but that C∆p
has a negligible effect [25].
The shear viscosity coefficient 〈αS〉 is measured by us-
ing Eq. 36 to fit the data for the transverse aspect ratio
σx/σy = ωybx/(ωxby) as a function of time after release,
while self consistently determining E˜/EF from the mea-
sured cloud sizes σx, σy, σz, and N . At resonance, where
the scattering length a diverges and 1/(kFIa) = 0, αS
can be a function only of the local reduced temperature
θ ∝ T/n2/3. As the viscosity makes a small perturbation
to the flow, we approximate the temperature within the
viscosity coefficient in zeroth order, i.e., we assume that
the temperature evolves adiabatically during the expan-
sion after the optical trap is abruptly extinguished. Then
T ∝ n2/3, so that the local θ remains fixed at its initial
value. In this case, 〈αS〉 ≡ 〈αS〉0 is temporally constant
as the cloud expands, i.e., it is equal to the trap-averaged
initial value with n→ n0.
We determine 〈αS〉 both on resonance, where 〈αS〉 =
〈αS〉0 is temporally constant, and at finite 1/(kFIa), ini-
tially ignoring the time dependence arising from the fi-
nite scattering length, which we include later in Eq. 6.
Fig. 1 shows the difference ∆〈αS〉 = 〈αS〉 − 〈αS〉0 be-
tween the 〈αS〉 determined at finite 1/(kFIa) and the
resonant value 〈αS〉0. We determine 〈αS〉0 from a poly-
nomial fit to the resonant shear viscosity as a function of
E˜/EF [25].
We find that the minimum in shear viscosity occurs on
BEC side of resonance, Fig. 1c. Further, we note that
the ∆〈αS〉 depends strongly on the magnitude and sign
3FIG. 1: Difference in shear viscosity on and off reso-
nance, ∆〈αS〉, versus energy E˜/EF and interaction strength
1/(kFIa). On the BEC side of resonance (left column),
1/(kFIa) = a) 0.83(6), b) 0.55(5), c) 0.25(3). On the BCS
side of resonance (right column) 1/(kFIa) = d) −0.61(1),
e) −0.34(1), f) −0.16(3). Red line denotes linear fit to
∆〈αS〉(E˜). Dotted red lines show 1-σ confidence interval.
Blue zero lines show the unitary fit to shear viscosity 〈αS〉0
by construction.
of the interaction strength 1/(kFIa). Generally, on the
BEC side of resonance 1/(kFIa) > 0, we find that ∆〈αS〉
increases with with increasing energy, which may arise
from a corresponding decrease in the dimer fraction, as
discussed further below. On the BCS side of resonance
1/(kFIa) < 0, ∆〈αS〉 decreases with increasing energy,
which may arise from reduced Pauli blocking, i.e., the
collision rate increases with temperature in the degener-
ate regime. Clearly, a simple quadratic dependence on
the interaction strength is insufficient to encompass all
the observed behavior of ∆〈αS〉.
In order to investigate further, we fit a linear en-
ergy dependence to ∆〈αS〉 for each interaction strength
1/(kFIa) as shown in Fig. 1. In Fig. 2, ∆〈αS〉 is plotted
as a function of 1/(kFIa) for a fixed energy E˜/EF = 1.
We see a nominally parabolic dependence on 1/(kFIa),
with the minimum clearly shifted toward the BEC side of
resonance. Setting ∆〈αS〉 = c˜0+ c˜1/(kFIa)+ c˜2/(kFIa)2,
we fit the data shown in Fig. 1 excluding the two extreme
1/(kFIa) points where a simple perturbation expansion
in 1/(kFIa) is likely to break down. We find c˜0 = 0.0,
c˜1 = −1.7, and c˜2 = 4.8. Recall that we have ignored the
expansion time dependence arising from the finite scat-
tering length. Therefore, we can only draw qualitative
conclusions from our fit to ∆〈αS〉 versus 1/(kFIa).
FIG. 2: Difference in shear viscosity on and off resonance,
∆〈αS〉, versus interaction strength 1/(kFIa) at an energy of
E˜/EF = 1. Black circles represent ∆〈αS〉 obtained from the
linear fits in Fig. 1. Vertical errorbars are the 1-σ confidence
interval of the fits. Red line is best fit of c˜0 + c˜1/(kFIa) +
c˜2/(kFIa)
2 to the data with c˜0 = 0.0, c˜1 = −1.7, and c˜2 = 4.8.
From the fit, the minimum occurs at 1/(kF a) = 0.18.
We now obtain quantitative results for the depen-
dence of the shear viscosity on 1/(kFIa) by including
the explicit time dependence of the shear viscosity coef-
ficients and refitting the data. Using dimensional analy-
sis, the leading-order scattering-length-dependent terms
in local shear viscosity take the forms h¯n f1(θ)/(kF a)
h¯n f2(θ)/(kF a)
2, where f1,2(θ) are dimensionless func-
tions of the reduced temperature. Then, in the scaling
approximation described above, the density n ∝ k3F de-
creases by the volume scale factor Γ as the cloud expands,
so that 1/kF ∝ Γ1/3(t). For the viscosity coefficients,
we again approximate the temperature to zeroth order
as evolving adiabatically, so that f1,2(θ) are temporally
constant. Averaging over the cloud volume, as in Eq. 2,
we then obtain the general form for the time-dependent
cloud-averaged viscosity coefficient,
〈αS〉 = 〈αS〉0 + c1Γ
1/3(t)
kFIa
+ c2
Γ2/3(t)
(kFIa)2
. (6)
In the spirit of a perturbation expansion in 1/(kFIa)
about resonance at fixed E˜, the first term is taken to
be the shear viscosity coefficient at resonance, which is
time-independent and determined versus E˜, as described
above.
We globally fit the data over discrete energy ranges
and limit the range of interaction strength to −0.5 <
1/(kFia) < 0.7. This is accomplished by integrating
Eq. 36, using Eq. 6. As 〈αS〉0 is known as a function
of E˜, c1 and c2 are used as fit parameters, determined by
a χ2 fit to the aspect ratio data. The results are shown
in Fig. 3.
For an energy range of 0.9 < E˜/EF < 1.1, 71 points
are included in the two parameter fit with an average
4FIG. 3: Off resonant shear viscosity coefficients c1 and c2 from
Eq. 6, 〈αS〉0 + c1
Γ1/3(t)
kFIa
+ c2
Γ2/3(t)
(kFIa)
2 , obtained by integrating
Eq. 36 and globally minimizing χ2 for aspect ratio data within
a range of energies and interactions strengths. Red (upper)
circles are c2 versus energy. Blue (lower) circles are c1 versus
energy.
energy of E˜/EF = 0.97(6). We obtain a normalized χ
2 =
1.1, with c1 = −1.22(5) and c2 = 2.43(9). Eq. 6 then
yields a minimum in the initial (in-trap) shear viscosity at
1/(kFIa) = −c1/(2c2) = 0.25. For an energy of E˜/EF =
0.97, the polynomial fit for the resonant gas gives a shear
viscosity of 〈αS〉0 = 1.10, so that at t = 0, 〈αS〉min =
〈αS〉0 − c21/(4c2) = 0.95. Note that the smaller values
of the in-trap c1,2 compared to c˜1,2 are consistent with
the time-dependent factors in Eq. 6, since Γ(t) increases
from unity as the cloud expands. Complete results can
be found in Ref. [25].
The shift of the minimum shear viscosity toward the
BEC side of resonance may be explained by an enhance-
ment in the bosonic degrees of freedom [15], such as pre-
formed atom pairs or dimer molecules. These bosonic
degrees of freedom would suppress Pauli blocking and
increase the effective scattering rate [13]. In addition,
the collisional cross section for dimer-atom scattering is
larger than that for atom-atom scattering [27]. There-
fore, since the shear viscosity scales inversely with the
scattering rate, one would expect the observed decrease
on the BEC side. We note also that 〈αS〉 is well below the
parabolic fit at the two extreme points 1/(kFIa) = 0.83
and 1/(kFIa) = −0.61. This may be a consequence of
a divergence of the expansion in powers 1/(kFIa), but
may also be the result of a larger dimer fraction on the
BEC side of resonance. We observe also that the location
of the minimum in the shear viscosity, −c1/(2c2), moves
toward resonance with increasing energy [25], indicating
that the 〈αS〉 may scale quadratically with 1/(kFIa) at
higher temperatures, as predicted [23].
This research is supported by the Physics Division of
the National Science Foundation (quantum transport in
strongly interacting Fermi gases PHY-1067873), the Di-
vision of Materials Science and Engineering, the Office
of Basic Energy Sciences, Office of Science, U.S. De-
partment of Energy (thermodynamics in strongly corre-
lated Fermi gases de-sc0008646), the Physics Divisions
of the Army Research Office (strongly interacting Fermi
gases in reduced dimensions W911NF-11-1-0420) and the
Air Force Office of Scientific Research (non-equilibrium
Fermi gases FA9550-13-1-0041). The authors are pleased
to acknowledge K. Dusling and T. Scha¨fer, North Car-
olina State University, for stimulating conversations.
[1] K. M. O’Hara, S. L. Hemmer, M. E. Gehm, S. R.
Granade, and J. E. Thomas, Science 298, 2179 (2002).
[2] S. Giorgini, L. P. Pitaevskii, and S. Stringari, Rev. Mod.
Phys. 80, 1215 (2008).
[3] W. Ketterle and M. W. Zwierlein, Making, probing and
understanding ultracold Fermi gases (IOS Press, Ams-
terdam, 2008), in Ultracold Fermi Gases, Proceedings of
the International School of Physics Enrico Fermi, Course
CLXIV, Varenna, 20 - 30 June 2006.
[4] I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys.
80, 885 (2008).
[5] A. Adams, L. D. Carr, T. Scha¨fer, P. Steinberg, and J. E.
Thomas, New J. Phys. 14, 115009 (2012).
[6] M. Bartenstein, A. Altmeyer, S. Riedl, R. Geursen,
S. Jochim, C. Chin, J. H. Denschlag, R. Grimm, A. Si-
moni, E. Tiesinga, et al., Phys. Rev. Lett. 94, 103201
(2005).
[7] G. Zu¨rn, T. Lompe, A. N. Wenz, S. Jochim, P. S. Juli-
enne, and J. M. Hutson, Phys. Rev. Lett. 110, 135301
(2013).
[8] L. Luo, B. Clancy, J. Joseph, J. Kinast, and J. E.
Thomas, Phys. Rev. Lett. 98, 080402 (2007).
[9] L. Luo and J. E. Thomas, J. Low Temp. Phys. 154, 1
(2009).
[10] M. Horikoshi, S. Najajima, M. Ueda, and T. Mukaiyama,
Science 327, 442 (2010).
[11] S. Nascimbe`ne, N. Navon, K. J. Jiang, F. Chevy, and
C. Salomon, Nature 463, 1057 (2010).
[12] M. Ku, A. T. Sommer, L. W. Cheuk, and M. W. Zwier-
lein, Science (2012).
[13] G. M. Bruun and H. Smith, Phys. Rev. A 75, 043612
(2007).
[14] E. Taylor and M. Randeria, Phys. Rev. A 81, 053610
(2010).
[15] H. Guo, D. Wulin, C.-C. Chien, and K. Levin, Phys. Rev.
Lett. 107, 020403 (2011).
[16] T. Enss, R. Haussmann, and W. Zwerger, Annals Phys.
326, 770 (2011).
[17] G. Wlaz lowski, P. Magierski, and J. E. Drut, Phys. Rev.
Lett. 109, 020406 (2012).
[18] G. Wlaz lowski, P. Magierski, A. Bulgac, and K. J. Roche,
Phys. Rev. A 88, 013639 (2013).
[19] P. K. Kovtun, D. T. Son, and A. O. Starinets, Phys. Rev.
Lett. 94, 111601 (2005).
5[20] C. Cao, E. Elliott, J. Joseph, H. Wu, J. Petricka,
T. Scha¨fer, and J. E. Thomas, Science 331, 58 (2011).
[21] C. Cao, E. Elliott, H. Wu, and J. E. Thomas, New J.
Phys. 13, 075007 (2011).
[22] E. Elliott, J. A. Joseph, and J. E. Thomas, Phys. Rev.
Lett. 112, 040405 (2014).
[23] G. M. Bruun and H. Smith, Phys. Rev. A 72, 043605
(2005).
[24] For the resonantly interacting gas, where p = 2E/3 with
E the local energy density [31], E˜/2 is just the internal
energy per particle [33]. At resonance, the total energy is
then E = 〈U〉0+E˜/2, with 〈U〉0 ≡
1
N
∫
d3rn0(r)U(r) [9].
[25] See the supplemental material that is available online.
[26] D. S. Petrov, C. Salomon, and G. V. Shlyapnikov, Phys.
Rev. Lett. 93, 090404 (2004).
[27] D. S. Petrov, C. Salomon, and G. V. Shlyapnikov, Phys.
Rev. A 71, 012708 (2005).
[28] Y.-H. Hou, L. P. Pitaevskii, and S. Stringari, Phys. Rev.
A 87, 033620 (2013).
[29] L. D. Landau and E. M. Lifshitz, Fluid Mechanics (El-
sevier, New York, 1987).
[30] We ignore the bulk viscosity, which is found to be much
smaller than shear viscosity [22, 25].
[31] T.-L. Ho, Phys. Rev. Lett. 92, 090402 (2004).
[32] T. Scha¨fer, Phys. Rev. A 82, 063629 (2010).
[33] J. E. Thomas, J. Kinast, and A. Turlapov, Phys. Rev.
Lett. 95, 120402 (2005).
I. SUPPLEMENTAL MATERIAL
In this supplemental material, we derive new evolution equations for the radii of a hydrodynamically expanding
cloud as a function of interaction strength near a collisional (Feshbach) resonance. The evolution equations, which
are based on a scaling approximation, include the change in the pressure ∆p, relative to the resonant regime, which
breaks conformal symmetry, as well as the forces and heating arising from viscosity. We justify a single component
hydrodynamic description by estimating the Knudsen number and investigating the transition from hydrodynamic
to ballistic flow as the cloud expands. We show that by measuring the transverse aspect ratio σx/σy, as a function
of time after release of the cloud, we are able to precisely determine the shear viscosity. We also show that σx/σy
is insensitive to both ∆p and the bulk viscosity, enabling a single parameter fit to the transverse aspect ratio data
to determine the shear viscosity coefficient. Finally, we provide a detailed description of the data analysis and the
complete results.
A. Hydrodynamic Theory
To determine the viscosity on and away from the Feshbach resonance, we employ a hydrodynamic description for
a single-component fluid. The single fluid description is justified in Ref. [28] for the expansion of the resonantly
interacting gas in the normal fluid regime and below the superfluid transition where the normal and superfluid
components expand together. As noted in the main text, for our experiments below resonance, a finite dimer pair
fraction can exist. At low temperatures, the dimers can condense into a BEC and a two-fluid description would be
required. We avoid this complication by working in the normal fluid regime, where we do not observe a condensate
fraction. Further justification for the single component hydrodynamic description based on the Knudsen number can
be found in Sec.I C.
1. Hydrodynamic Equations
For a single component fluid, the velocity field v(r, t) is determined by the scalar pressure and the viscous stress
tensor,
nm (∂t + v · ∇) vi = −∂ip+
∑
j
∂j(η σij + ζB σ
′
δij)− n ∂iUtotal. (7)
Here p is the scalar pressure and m is the atom mass. Utotal is the total trapping potential energy arising from the
optical trap Uopt and the bias magnetic field curvature Umag, as described in the main text. The second term on the
right describes the friction forces arising from both shear η and bulk ζB viscosities, where σij = ∂vi/∂xj + ∂vj/∂xi −
2δij∇ · v/3 and σ′ ≡ ∇ · v. Current conservation for the density n(r, t) requires
∂n
∂t
+∇ · (nv) = 0. (8)
6Finally, consistent with Eq. 7 and Eq. 8, conservation of the total energy is described by
d
dt
∫
d3r
(
n
1
2
mv2 + E + nUtotal
)
= 0. (9)
The first term in Eq. 9 is the kinetic energy of the velocity field and E is the internal energy density of the cloud.
For each direction i = x, y, z, the mean square size 〈x2i 〉 ≡ 1N
∫
d3rn(r, t)x2i obeys
d〈x2i 〉
dt
=
1
N
∫
d3r
∂n
∂t
x2i =
1
N
∫
d3r [−∇ · (nv)]x2i =
1
N
∫
d3rnv · ∇x2i
= 2〈xi vi〉, (10)
where N is the total number of atoms. We have used integration by parts and n = 0 for xi → ±∞ to obtain the
second line. Here, and throughout the discussion, 〈...〉 ≡ ∫ d3r (...)n(r, t)/N denotes the cloud average with respect
to the normalized density. Similarly,
d〈xivi〉
dt
=
1
N
∫
d3rnxi
∂vi
∂t
+
1
N
∫
d3r
∂n
∂t
xivi =
1
N
∫
d3rnxi
∂vi
∂t
+
1
N
∫
d3rnv · ∇(xivi)
= 〈xi(∂t + v · ∇)vi〉+ 〈v2i 〉. (11)
Combining Eq. 10 and Eq. 11, we obtain,
d2
dt2
〈x2i 〉
2
= 〈xi(∂t + v · ∇)vi〉+ 〈v2i 〉. (12)
To proceed, we use Eq. 7, which yields∫
d3rnxi(∂t + v · ∇)vi = 1
m
∫
d3rxi(−∂ip− n ∂iUtotal) + 1
m
∑
j
∫
d3rxi∂j(η σij + ζB σ
′
δij)
Integrating by parts on the right hand side, assuming that the surface terms vanish, we obtain
〈xi(∂t + v · ∇)vi〉 = 1
Nm
∫
d3r p− 1
m
〈xi∂iUtotal〉 − 1
Nm
∫
d3r (η σii + ζB σ
′) (13)
with σ′ ≡ ∇ · v. Using h¯ n as the natural scale of viscosity, we define the shear and bulk viscosity coefficients αS and
αB by η ≡ αS h¯ n and ζB ≡ αB h¯ n, respectively. Then,
〈xi(∂t + v · ∇)vi〉 = 1
Nm
∫
d3r p− 1
m
〈xi∂iUtotal〉 − h¯
m
〈αS σii + αB σ′〉, (14)
where
〈αS σii + αB σ′〉 ≡ 1
N
∫
d3rn (αS σii + αB σ
′). (15)
Using Eq. 14 in Eq. 12, we then obtain for one direction xi,
d2
dt2
〈x2i 〉
2
=
1
Nm
∫
d3r p+ 〈v2i 〉 −
1
m
〈xi∂iUtotal〉 − h¯
m
〈αS σii + αB σ′〉. (16)
Eq. 16 determines the evolution of the mean square cloud radii along each axis, 〈x2i 〉, which depends on the conservative
forces arising from the scalar pressure and the trap potential, as well as the viscous forces arising from the shear and
bulk viscosities.
B. Scaling Solution
We determine the viscosity by measuring the cloud radii and the transverse aspect ratio as a function of time after
the cloud is released from the trap. To analyze the aspect ratio data, we employ a scaling solution of Eq. 16, where
the density is given by
n(r, t) =
n0(x/bx, y/by, z/bz)
Γ
, (17)
7where bi(t), i = x, y, z is a time dependent scale factor, with bi(0) = 1 and b˙i(0) = 0. n0 is the density profile of
the trapped cloud in equilibrium. Here, Γ(t) ≡ bxbybz is the volume scale factor, which is independent of the spatial
coordinates in the scaling approximation. With Eq. 17 and a velocity field that is linear in the spatial coordinates,
vi = xi b˙i/bi, Eq. 8 is automatically satisfied.
We note that 〈x2i 〉 = 〈x2i 〉0 b2i (t), and 〈v2i 〉 = 〈x2i 〉 b˙i
2
/b2i = 〈x2i 〉0 b˙i
2
(t), where 〈x2i 〉0 is the mean-square cloud radius
of the trapped cloud in the ith direction, just before release. Then, with these scaling assumptions, Eq. 16 yields
〈x2i 〉0 bi b¨i =
1
Nm
∫
d3r p− 1
m
〈xi∂iUtotal〉 − h¯
m
〈αS σii + αB∇ · v〉. (18)
We see that Eq. 18 contains the pressure only in a volume integral. To determine the evolution equation for the
pressure integral, we use energy conservation. We begin by defining
∆p ≡ p− 2
3
E . (19)
As noted in our previous study of scale invariance [22], ∆p is the conformal symmetry breaking pressure change, which
vanishes at resonance, where p = 23 E . Analogous to the methods used to derive Eq. 12, we move the time derivatives
of the velocity field and density inside the integral in Eq. 9 and use Eq. 7 and Eq. 8 to obtain an evolution equation
for the volume integral of the energy density,
d
dt
∫
d3r E +
∫
d3r(∇ · v) p +
∫
d3rn
∂Utotal
∂t
= Q˙, (20)
where Q˙ ≡ ∫ d3r q˙ is the total heating rate arising from the friction forces and q˙ is the heating rate per unit volume,
q˙ =
1
2
η
∑
ij
σ2ij + ζB(∇ · v)2. (21)
Just after release of the cloud, the trap potential is constant in time and ∂tUtotal vanishes. Then for each volume
element d3r, Eq. 20 is just dEint = dQ − p dV , where dEint is the internal energy in the volume element, dQ is the
heat added to the volume element in a time dt, and the work done by the volume element arises from expansion,
dV = d3r (∇ · v) dt.
Using ∂tUtotal = 0 and Eq. 19 to eliminate E , Eq. 20 takes the form
d
dt
∫
d3r p+
2
3
∫
d3r (∇ · v) p = 2
3
Q˙ +
d
dt
∫
d3r∆p. (22)
As we intend to explore small deviations from the scale invariant regime, the last term on the right of Eq. 22 can
be evaluated using suitable approximations, as discussed below. It vanishes if the volume integral of ∆p is time
independent.
With the scaling assumptions, ∇ · v = Γ˙/Γ is independent of the spatial coordinates, and Eq. 22 reduces to
d
dt
∫
d3r p+
2
3
Γ˙
Γ
∫
d3r p =
2
3
Q˙+
d
dt
∫
d3r∆p. (23)
Using the integrating factor Γ2/3, integration of Eq. 23 from t = 0 to t yields
3Γ2/3
∫
d3r p = 3
∫
d3r p0 + 2
∫ t
0
dtΓ2/3Q˙+ 3
[
Γ2/3
∫
d3r∆p−
∫
d3r∆p0
]
− 2
∫ Γ
1
dΓ
Γ1/3
∫
d3r∆p, (24)
where we have used Γ(0) = 1. Here p0 and ∆p0 denote the initial pressure and the conformal symmetry breaking
pressure just after release.
Eq. 24 is a general consequence of energy conservation. Although it can be used to determine the evolution of∫
d3r p in general, it is particularly well-suited to a perturbative treatment of ∆p in the near scale-invariant regime.
In that case, we can approximate the time-dependence of the temperature in ∆p as adiabatic, i.e., T = T0 Γ
−2/3,
where T0 is the initial temperature of the trapped cloud. Then the volume integral of ∆p becomes a known function
of time, as discussed below in more detail in § I C 2.
We find the initial condition
∫
d3r p0 from
3
N
∫
d3r p 0 = 〈r · ∇Utotal〉0 ≡ E˜, (25)
8with the energy scale E˜ defined and measured as described in the main text.
Using Eq. 24, we write the time-dependent volume integral of the pressure using Eq. 24 in the form,
1
N
∫
d3r p =
〈r · ∇Utotal〉0
3 Γ2/3
[1 + CQ(t) + C∆p(t)] . (26)
Here, the fractional change in the pressure integral due to viscous heating is given by CQ(t), which is determined from
C˙Q(t) ≡
Γ2/3(t)2Q˙N
〈r · ∇Utotal〉0 , (27)
with the initial condition CQ(0) = 0. Using Eq. 21 with the velocity field vi = xi b˙i/bi, where ∂jvi = δij b˙i/bi is
spatially constant, it is straightforward to obtain
2Q˙
N
= h¯ 〈αS〉
∑
i
σ2ii + 2h¯ 〈αB〉
Γ˙2
Γ2
. (28)
The trap averaged-viscosity coefficients, which appear in Eq. 28, are defined by
〈αS〉 ≡
∫
d3r η/(Nh¯)
〈αB〉 ≡
∫
d3r ζB/(Nh¯). (29)
In general, the trap-averaged viscosity coefficients are dependent on the scattering length a and are time-dependent,
as described in the main text.
In Eq. 28,
Γ˙
Γ
=
b˙x
bx
+
b˙y
by
+
b˙z
bz
(30)
and
σii = 2
b˙i
bi
− 2
3
Γ˙
Γ
. (31)
Then,
∑
i
σ2ii = 4
∑
i
b˙2i
b2i
− 4
3
Γ˙2
Γ2
. (32)
The time-dependent ∆p terms in Eq. 24 give the net fractional change in the pressure integral arising from the
conformal symmetry breaking pressure ∆p,
C∆p(t) ≡ CF (t)− CF (0)− Cp(t), (33)
where
CF (t) ≡
Γ2/3(t) 3N
∫
d3r∆p
〈r · ∇Utotal〉0 . (34)
and
Cp(t) ≡
2
∫ Γ(t)
1
dΓ
Γ1/3
1
N
∫
d3r∆p
〈r · ∇Utotal〉0 . (35)
From Eq. 34 and Eq. 35, we see that C∆p of Eq. 33 vanishes at t = 0, and also when ∆p is time independent, as it
should.
9With Eq. 26 for the volume integral of the pressure, Eq. 18 yields our central result for the scale factor evolution,
b¨i =
ω2i
Γ2/3bi
[1 + CQ(t) + C∆p(t)]−
h¯
(
〈αS〉σii + 〈αB〉 Γ˙Γ
)
m〈x2i 〉0bi
− 〈xi∂iUmag〉
m〈x2i 〉0bi
. (36)
In the last term of Eq. 36, note that Utotal is replaced by the magnetic potential, Umag defined in the main text, as
we are interested in expansion of the cloud after the optical part of the potential is extinguished. Further, we have
defined the mean square ballistic frequency for an arbitrary trapping potential, which need not be harmonic,
ω2i ≡
〈xi∂iUtotal〉0
m〈x2i 〉0
=
〈r · ∇Utotal〉0
3m〈x2i 〉0
. (37)
Here, Utotal is the total trap potential prior to release of the cloud. The second form follows from force balance in
equilibrium, ∂ip + n∂iUtotal = 0. Multiplying by xi and integrating by parts requires that 〈xi∂iUtotal〉0 be the same
for all directions. We determine ω2i from the measured cloud profile and trap parameters, which are given in the main
text.
Eq. 36 determines the expansion factors bi with the initial conditions bi(0) = 1 and b˙i(0) = 0, using the known
trap parameters and a suitable approximation for ∆p in the off-resonance case. The trap-averaged (generally time-
dependent) shear and bulk viscosity coefficients, 〈αS〉 and 〈αB〉 are used as fit parameters, as described in the main
text. In the experiments, we determine 〈αS〉 by fitting the predicted aspect ratios to the aspect ratio data, neglecting
the much smaller 〈αB〉. The bulk viscosity coefficient 〈αB〉 is measured by observing the mean square cloud radius
〈r2〉, which is a scalar, as a function of time after release, as described in Ref. [22].
C. Basic Assumptions
Here we elucidate the basic assumptions underlying the data analysis. First, we address the question of the validity
of the hydrodynamic model both on and off resonance. Next we show that for measuring the shear viscosity, we can
ignore the effects of the bulk viscosity 〈αB〉 and the conformal symmetry breaking pressure ∆p. Qualitatively, these
scalar parameters uniformly slow or accelerate the expansion, affecting each direction in the same way. Hence, the
change in the aspect ratio σx/σy is suppressed. In contrast, the transverse aspect ratio σx/σy is very sensitive to the
shear viscosity, which directs momentum from the more rapidly expanding direction x into the less rapidly expanding
direction y.
1. Knudsen Number and Validity of a Hydrodynamic Model
To investigate a possible breakdown of hydrodynamics, we consider the high temperature regime, where the system
is most likely to deviate from hydrodynamic flow, since the initial density n and collision cross section σ are smallest.
Assuming that the cloud comprises a normal fluid mixture of atoms and dimers, the gas will be hydrodynamic and
will expand as a single fluid if the Knudsen number Kn is small for all species. Using a classical scattering description,
we take for Kn the ratio of the collisional mean free path λmfp to the smallest diameter of the cloud 2Rx, analogous to
our previous treatment [5]. When the Knudsen number for all species is small, one expects that the dimer component
of the cloud will move together with the atom component. In this case, a single-component hydrodynamic description
is valid. As first shown in Ref. [26], for a two-component Fermi gas near a Feshbach resonance, the dimer-dimer
scattering length is 0.6 a, where a is the scattering length for a collision between a spin-up and a spin-down atom.
For dimer-atom collisions, the scattering length is 1.2 a [27]. We expect a small dimer fraction at high temperature,
so that dimer-atom collisions are predominant in determining the hydrodynamic behavior of the dimers. Since the
dimer-atom scattering cross section is larger than that for atom-atom scattering and the dimers scatter from both
atomic species, i.e., from the total atomic density, the Knudsen number for the dimers will be smaller than that for
the atoms. Hence, a conservative estimate of the relevant Knudsen number can be based on the mean free path for
the atom component.
We assume that the dimer fraction remains constant as the cloud expands, because changing the molecular popu-
lation requires three-body collisions, which occur with negligible probability during the expansion time. We take the
mean free path to be λmfp = 1/(n↑σ), where n↑ = n/2 is the central density in one spin state, for a 50-50 mixture.
To be conservative, we take σ to be the average transport cross section, σtrans, with suppressed forward scattering, as
used to estimate the viscosity in Ref. [23]. For s-wave scattering, we have σ(k) = 4πa2/(1 + k2a2). Using a Maxwell-
Boltzmann distribution of relative wave vectors k, the average transport cross section is then σ¯trans = (2λ
2
T /3)F (q),
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FIG. 4: Knudsen number at the cloud center as a function of expansion time for different scattering lengths a at an energy
E˜/EF = 1.6. Curves from top to bottom for 1/(kFI |a|) = 0.9, 0.6, 0.2, 0, respectively.
where λT = h/
√
2πmkBT is the thermal wavelength. F (q) ≡ 12
∫∞
0
dy y3 e−y
y+q2 , with q = λT /(|a|
√
2π). For λT >> |a|,
σ¯trans → 4πa2. Note that at resonance, σtrans is a factor of 6 smaller than than the thermal average unitary collision
cross section and therefore increases the Knudsen number by a factor of 6 compared to an estimate based on the
collisional mean free path [5]. Using mω2xR
2
x = 2kBT , E = 3kBT , and EF = (3Nωxωyωz)
1/3 ≡ kBTFI (Fermi energy
of an ideal gas at the trap center), we find the initial Knudsen number at the cloud center, just after release
Kn =
√
π
2(3Nλx)1/3F (q)
(
E
EF
)2
. (38)
Here, q ≡ 1kFI |a|
√
6EF
E and λx ≡ ωyωz/ω2x.
As the gas expands, several factors causes the Knudsen number Kn = λmfp/(2Rx) to change. First, the cloud
radius Rx increases as bx(t), with bx a time-dependent scale factor, as described in detail in § I B. Second, the mean
free path λmfp = 2/(nσ) changes, since the density n decreases as 1/Γ(t), where Γ is the volume scale factor. Using
an adiabatic approximation, the temperature decreases as 1/Γ2/3(t), which causes the cross section σ to change as
well. For the resonantly interacting gas, where q = 0 and F (0) = 1, the net effect is that the Knudsen number
decreases as the gas expands, as shown in Fig. 4 for 1/(kFI |a|) = 0 by the lowest (blue) curve. This is easy to
understand: At resonance, the cross section increases as λ2T ∝ Γ2/3, so that the Knudsen number then decreases as
Kn(t) = Kn(0)Γ
1/3(t)/bx(t). Hence, the resonantly interacting gas becomes more hydrodynamic as the gas expands.
For finite scattering length, the Knudsen number decreases with expansion time until λT > |a|, when the cross section
becomes constant, → 4πa2, and then increases as the density decreases.
We see from Fig. 4 that for times t > 0.5 ms, only the largest 1/(kFI |a|) = 0.9 may deviate from hydrodynamic flow
at the highest energies. To investigate the time-dependent breakdown of hydrodynamics, we simulate hydrodynamic
flow and abruptly switch to ballistic flow for t ≥ 0.5 ms and compare the result to hydrodynamic flow for the entire time
period. Fig. 5 shows that there is very little difference between switching to ballistic flow for t ≥ 0.5 ms (red dashed
curve) and hydrodynamic flow at all times (blue solid curve). Hence, the asymptotic aspect ratio is determined by
the hydrodynamic expansion at short times. If the expansion deviated from hydrodynamic flow by becoming ballistic,
we would expect an apparent increase in the shear viscosity, in contrast to the suppression that is observed near
1/(kFI |a|) = 0.9. Further, for a small dimer fraction, we would expect the Knudsen number to be smaller than that
of a cloud comprised solely of atoms. We do not observe any abrupt changes in the aspect ratio versus time data for
the normal fluid regime studied in the expansion experiments. Hence, we assume that a hydrodynamic description is
satisfactory and that dimer-atom mixtures expand as a single fluid.
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FIG. 5: Breakdown of hydrodynamic expansion: Aspect ratio versus time for E˜/EF = 1.6 where the viscosity coefficient
αS0 ≃ 3.0. Blue solid curve: Hydrodynamic theory; Red dashed curve: Ballistic expansion with initial conditions set by the
hydrodynamic theory at 0.5 ms.
2. Effects of Bulk Viscosity 〈αB〉 and ∆p on the Aspect Ratio
The bulk viscosity and the conformal symmetry breaking pressure affect the expansion of the gas in a similar way,
as both involve scalar quantities. In Ref. [22], we measured the bulk viscosity to be 〈αB〉 ≤ 0.04 h¯n on resonance.
Further, we found that the difference between the off-resonance and on-resonance expansion dynamics is dominated
by the conformal symmetry breaking pressure ∆p. The effect of the off-resonance bulk viscosity is much smaller. For
this reason, we focus in this section on the ∆p correction.
When the bias magnetic field is tuned away from the Feshbach resonance, the pressure deviates from the unitary
limit ∆p = p − 23E . We show that ∆p has a negligible effect on the transverse aspect ratio, σx/σy, compared to
the shear viscosity. This is accomplished using a simple model. Based on dimensional analysis, to first order in in
1/(kFa), ∆p has a natural scale nǫF (n)/(kF a), where ǫF (n) ∝ k2F is the local Fermi energy. Hence, ∆p ∝ kF requires
the time dependence Γ−1/3, so we take
1
N
∫
d3r∆p = C
〈r · ∇Utotal〉0
3kFIa
Γ−1/3(t), (39)
where C is a constant. As shown in Ref. [22], the next order (quadratic) term in 1/(kFa) is time independent, and
has no effect on the expansion dynamics. Using Eq. 39 in Eqs. 33-35, we then obtain
C∆p(t) = − C
kFIa
[Γ1/3(t)− 1] (40)
We determine C = 0.07 from the measured expansion of the mean square cloud radius 〈r2〉 = 〈x2 + y2 + z2〉 both on
and off resonance, with 1/(kFIa) = 0,±0.6 and E˜/EF = 1.0, as shown in Fig. 4 of Ref. [22]. We then use Eq. 40 in
Eq. 36 to determine the cloud radii and the transverse aspect ratio as a function of time after release.
Fig. 6 shows that the effect of ∆p on the σx/σy aspect ratio. As in the main text, we define ∆〈αS〉 as the change
in the shear viscosity relative to the unitary value 〈αS〉0 at the same E˜. We see that the effect of ∆p is negligible
compared to the effect from the change in the shear viscosity. For this reason, we neglect both ∆p and the bulk
viscosity in our determination of the shear viscosity in the off-resonance regime.
D. Measurement of the Shear Viscosity
In the experiments the cloud radii are measured as a function of time after release in all three dimensions, using
two simultaneous probe pulses interacting with different spin states to obtain independent absorption images on two
CCD cameras [22]. The parameters measured in our experiments are the cloud radii σi =
√
2〈x2i 〉 and number of
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FIG. 6: Transverse aspect ratio σx/σy for 1/(kFIa) = +0.6 as a function of time after release, calculated using Eq. 36 for
E˜/EF = 1.0, where the measured viscosity at resonance is 〈αS〉0 = 1.0. Black solid line unitary result: The change in the shear
viscosity relative to the unitary value ∆〈αS〉 = 0, C∆p = 0; Red solid line, off-resonance for ∆p = 0: ∆〈αS〉 = 0.5, C∆p = 0.
Blue dashed line, off-resonance result with ∆p 6= 0: ∆〈αS〉 = 0.5, C∆p determined from Eq. 40 with C = 0.07 (as measured
from the expansion of the corresponding mean square cloud radius), showing negligible effect on σx/σy .
atoms N . Using Eq. 37 in Eq. 36, and ignoring the effects of the conformal symmetry breaking pressure and bulk
viscosity as discussed above, the equations of motion for the scale factors reduce to
b¨i =
〈xi∂iU〉0
m〈x2i 〉0Γ2/3bi
[1 + CQ(t)] − h¯〈αS〉σii
m〈x2i 〉0bi
,−ω2imagbi, (41)
where Γ ≡ bxbybz. The last term arises from the bias magnetic field curvature, where ω2ymag = ω2zmag ≡ ω2mag and
ω2xmag = −2ω2mag, with ω2mag given in the main text. The heating term is determined from
C˙Q ≡ h¯ 〈αS〉Γ
2/3
〈r · ∇U〉0
∑
i
σ2ii, (42)
with
σii = 2
b˙i
bi
− 2
3
Γ˙
Γ∑
i
σ2ii = 4
∑
i
b˙2i
b2i
− 4
3
Γ˙2
Γ2
.
Eq. 41 and Eq. 42 constitute a set of four differential equations that can be solved numerically with initial values
bi(0) = 1, b˙i(0) = 0, and CQ(0) = 0, providing the expansion factors bi as a function of time after release of the cloud.
In the experiments, the shear viscosity is parameterized by the scattering length-independent energy scale E˜ ≡
〈r · ∇U〉0, as described in the main text. For a given value of 〈αS〉, we can then determine 〈x2i 〉0 = 〈x2i 〉/b2i as well as
〈xi∂iUtotal〉0 and 〈r · ∇U〉0. Consistency is tested by checking that 〈xi∂iU〉0 is the same for all directions i = x, y, z,
which follows from force balance in the trap for a scalar pressure. In the harmonic approximation this requires
ω2x〈x2〉0 = ω2y〈y2〉0.
13
With an anharmonic trap, we require instead
ω2x〈x2〉0[1 + fx(E˜)] = ω2y〈y2〉0[1 + fy(E˜)],
where the fx,y(E˜) are anharmonic correction factors. For the transverse directions x and y, we assume identical
correction factors, fx(E˜) = fy(E˜). Then, for both harmonic and anharmonic traps, the transverse aspect ratio as a
function of time is determined by √
〈x2〉
〈y2〉 =
√
〈x2〉0b2x
〈y2〉0b2y
=
bx
by
ωy
ωx
. (43)
Eq. 41 and Eq. 42 provide expansion factors bi that depend upon 〈αS〉 and 〈x2i 〉0, which in turn depends upon the
expansion factors. These parameters are determined self consistently by iterative fits to the aspect ratio data, using
initial guesses and then reiterating until the desired precision is achieved. Fig.7 shows curves corresponding to the
model aspect ratio (bx/by) / (ωx/ωy) at 1.2 ms after the trap has been turned off and the corresponding measured
E˜ as a function of a test 〈αS〉 for a single data point. Note the sensitivity of aspect ratio to shear viscosity and the
relative insensitive of energy to shear viscosity.
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FIG. 7: Variation of the self-consistently computed energy and aspect ratio σx/σy with the trial shear viscosity coefficient
〈αS〉0. The aspect ratio (blue curve) is determined for a fixed time of 1.2 ms after release. The energy E˜ (red curve) is found
from the initial cloud radii, which are determined from the cloud radii measured at 1.2 ms using the calculated expansion
factors, which vary with the shear viscosity. Note that the aspect ratio is very sensitive to the shear viscosity, while the energy
is not. The dots with error bars are the corresponding self-consistent values for a single measurement of the three cloud radii.
As described in the main text, the shear viscosity coefficient varies with time as
〈αS〉 = 〈αS〉0 + c1
kFIa
Γ1/3 +
c2
(kFIa)
2 Γ
2/3 (44)
To determine the coefficients c1 and c2 from the E˜ and 1/kFI dependent aspect ratio data, we fit the data globally.
First, we find the shear viscosity coefficient at resonance 〈αS〉0 as a smooth function of energy E˜/EF . To measure
the energy dependence, 301 data points are divided into energy bins with 0.1E˜/EF spacing and averaged. Then
the resulting averaged data, Fig. 8, are fit with the polynomial d0 + d1E˜/EF + d2(E˜/EF )
2, where the best fit gives
d0 = −0.31, d1 = 0.35, and d2 = 1.14, which is shown as the smooth curve. Next, we use Eq. 44 in Eq. 41 and Eq. 42
to find c1 and c2, where the polynomial fit for the viscosity at resonance determines 〈αS〉0 as a function of E˜/EF .
c1 and c2 are determined using a χ
2 fit to the aspect ratio data. As noted in the text, off-resonance, the change in
the shear viscosity depends on both E˜ and 1/(kFIa) and the data deviates from the shifted parabolic fit at extreme
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FIG. 8: Unitary shear viscosity data (points) 〈αS〉0 as a function of E˜/EF . 301 data points are The data is divided into energy
bins with 0.1E˜/EF spacing and averaged. Blue line is a polynomial d0 + d1E˜/EF + d2(E˜/EF )
2 where d0 = −0.31, d1 = 0.35,
and d2 = 1.14 provides the best fit to the data.
values of 1/(kFIa). Therefore we divide the data into discrete energy ranges as in the resonant case and also limit
the range of interaction strength to −0.5 < 1/(kFIa) < 0.7 to avoid the extreme values of 1/(kFIa). The results of
the 2-parameter χ2 fit for c1 and c2 are summarized in Table ID. Errors ∆c1 (holding c2 constant) and ∆c2 (holding
c1 constant) are estimated from the range where the normalized χ
2 increases by the inverse of the number of data
points (# pts) in the fit. ∆E˜/EF is simply the standard deviation for the measured energy range.
Energy Range # pts E˜/EF ∆E˜/EF χ
2 c1 ∆c1 c2 ∆c2
−c1
2c2
0.75-0.90 78 0.83 0.05 2.2 -1.43 0.07 2.49 0.10 0.29
0.90-1.10 71 0.97 0.06 1.1 -1.22 0.05 2.42 0.09 0.25
1.10-1.30 123 1.18 0.05 2.0 -1.11 0.07 2.19 0.09 0.25
1.30-1.65 57 1.40 0.08 1.4 -0.87 0.12 2.05 0.18 0.21
1.65-2.50 19 1.90 0.25 1.4 -0.36 0.12 1.52 0.22 0.11
TABLE I: Determination of c1 and c2 in Eq. 44. The first column shows the range of each energy bin. χ
2 is the total χ2
normalized by the number of data points in each bin. The last column gives the location of the center of the parabolic fit versus
1/(kFIa) for each energy bin.
